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2 I 2 (4) : 804-814. I g67.-The isolated perfused rat heart has been modified to allow metabolic studies over a range of heart work and pressure development. T HI' RELATIONSHIPS between mechanical activity, oxygen consumption, and substrate utilization by the heart can be studied best using a heart preparation that does not include lungs or other tissues in the circuit. The isolated rat heart perfused by the Langendorff technique has been used extensively to study oxygen consumption and substrate utilization and their regulation by hormonal and nonhormonal factors. The relationship betwccn mechanical activity, oxygen consumption, and ----- substrate utilization has only recently been invesigated by Opie using a modification of this technique (2 7). However, Opie's preparation does not pump fluid or do external work, preventing studies of the effects of these variables on oxygen consumption and substrate utilization.
The relationships between mechanical activity and oxygen consumption have been intensively studied in heart preparations.
Factors including heart (2, I 8) and contractile element work (6), end-diastolic volume or fiber length (9, 19, 33, 35) , heart rate (3, 8, I I, 13, 24, 34, 35), developed myocardial tension (13, 2g), coronary flow (I, I 7, 20, 27) , and velocity of contraction (30) have been considered to be of importance in regulating oxygen consumption.
In the present work, a completely isolated rat heart preparation capable of in vitro mechanical work has been devised. Perfusate was introduced into the left atrium at various filling pressures and pumped by the left ventricle against a hydrostatic pressure head. Cardiac work and oxygen consumption increased as left atria1 filling pressure was raised. In addition, the rat heart perfused bv the Langendorff technique (23) has been found to develop left ventricular pressure up to the level of the aortic pressure with each systole. Oxygen COIIsumption varied with changes in aortic pressure, a parameter that has not been strictly controlled in many earlier studies of substrate utilization by the rat heart (5, 26: 28, 36) . These preparations offered the opportunity to vary ventricular pressure tern al work over a wide range.
development and ex-EXPERIMENTAL PROCEDURES
Preparation of the heart. Rats of the Sprague-Dawley strain weighing 150-350 g were fasted overnight before use. Heparin sodium (2.5 mg) was injected intraperitoneally I hr before the rats were killed. The rat was anesthetized with Kembutal (30 mg/rat, ip) and the abdominal cavity was opened by making a transverse incision with the scissors. The diaphragm was transected and lateral incisions were made along both sides of the rib cage. The anterior chest wall was folded back. The pericardium and other filamentous tissues of the mediastinum were pulled away from the heart with the fingers. The heart was picked up and the lungs and other chest contents pushed toward the back. Prior to excising the heart, it was important to identify the point at which the pulmonary veins join the left atrium. The heart was then cut free by making a single cut with the scissors through this point and on through the other vessels arising from the heart. The heart was dropped into a beaker containing 0.9 o/: sodium chloride chilled in ice water. Contractions stopped within a few seconds.
Perfusion of ralorking rat hearts. Using a fine-tipped forcep, the heart was picked up by the aorta and any connect've tissue, thymus, or lung that may have been removed with it was pulled away. When the heart had cooled for [15] [16] [17] [18] [19] [20] set, the aorta was slipped about 3 mm onto a grooved perfusion cannula (Fig. I) and held in place with a hemostat.
Retrograde perfusion down the aorta was begun from a reservoir 70 cm above the heart as soon as the heart was positioned with the hemostat. After the aorta was secured with a ligature, the heart was rotated on the cannula, if necessary, to position the openings into the left atrium to receive the second perfusion cannula. The left atrium was slipped onto this cannula and tied. The accuracy and competence of the cannulation were tested by unclamping the tube leading from the atria1 bubble trap and observing the filling of the left auricle. Retrograde perfusion was continued for IO min (60 mm Hg pressure) with medium containing heparin (I o mg/ liter) and the additions that were to be present in the subsequent perfusion. This washing served to remove all blood, to equilibrate the substrate concentrations in the medium with those in the interstitial fluid, and to allow the heart to recover from the period of anoxia associated with excision and initiation of perfusion. Heart work was begun by clamping the tube from the washout reservoir and unclamping the tubes supplying perfusate to the atrium from an overflow type bubble trap and carrying perfusate to the aortic bubble trap. This bubble trap design eliminated pressure fluctuations due to the pu111p and insured a constant hydrostatic pressure impinging on the heart. A peristaltic pump delivered perfusate from the oxygenating chamber to the atria1 bubble trap. Buffer entering the atrium passed into the ventricle and ventricular contraction forced the fluid into a pressure chamber attached to the aortic cannula. This chamber was one-third filled with air (approximately I ml) to provide some elasticity to an otherwise rigid system. Perfusate was oxygenated with g5 : 5, 02: CO2 mixture equilibrated with water at 37 C. Oxygenation was accomplished by bubbling gas through the perfusate from the sintered plastic tube and by exposing a large fluid surface as it flowed down the inner walls of the central condensers.
Any protein carried over in the interstitial spaces of the heart and subsequently washed out into the perfusate was denatured by the bubbling process and, consequently, a major portion of the perfusate had to be exchanged each hour in order to maintain cardiac performance in long-term experiments.
Gas bubbling was found to be unnecessary in maintaining high arterial POT except when hearts were doing high levels of mechanical work.
A water jacket, maintained at 37 C, was provided for the entire system, including tubes leading from the bubble traps to the heart and from the reservoir of buffer used in the preliminary perfusion. A minimum circulating volume of 50 ml was required.
At the end of perfusion, hearts were cut from the cannulae, blotted on filter paper, and weighed.
Perfusion apparatus for the Langendor-preparation. The apparatus described earlier (26) was modified as follows. The heart was suspended in a 2.5 x 6o-cm Allihn condenser with a coarse sintered glass filter inserted into the lower end. Perfusion pressure was changed by varying the degree of compression of the plastic tubing by the peristaltic pump. Following the initial perfusion of the heart, flow of washout buffer was clamped and recirculation of a measured volume (minimum, 15 ml) was begun. The perfusion pressure was adjusted to the value listed in the tables and figures at this time.
Perfusion medium. Modified Krebs-Henseleit bicarbonate buffer (22), pH 7.40, equilibrated with 02:CO2 (95 : 5) at 35.5 C was used in all experiments.
Final concentrations of the salts in this buffer (in mM) were : NaCl, 118; KCl, 4.7; CaCl2, 2.5; MgSOd, Oxygen consumption. When oxygen consumption was measured, a cannula was placed in either the Teflon ball joint or in the rubber stopper holding the aortic cannula (Langendorff preparation) for cannulation of the pulmonary artery. The artery was tied onto the cannula after the aortic and/or atria1 cannulae were in place. Since the openings in the right atrium were usually closed at the time the left atrium was cannulated, go---Too % of the coronary flow of hearts perfused in the working heart apparatus was pumped through the pulmonary artery cannula by the right ventricle.
When high coronary flows were induced in the Langendorff preparation, as much as 20 % of the coronary effluent dripped from the right atrium.
Samples of perfusate were collected without exposure to air by inserting a needle through the wall of a plastic tube leading from the pulmonary artery cannula and withdrawing the perfusate into a syringe. In this situation, coronary flow was estimated by collecting the fluid dripping from the pulmonary artery cannula and heart chamber in graduated cylinders. This fluid was not returned to the apparatus; the supply of perfusate was replenished by addition of fresh buffer. "Arterial" samples of perfusate were collected from the bubble trap supplying perfusate to the heart. Oxygen tension of these perfusate samples was estimated with an oxygen electrode (Instrumentation Associates, Boston, Mass. by inserting a ao-gauge needle through the apex of the heart into the left ventricle. A special heart chamber was used with an opening at the bottom for a rubber stopper through which the ventricular needle was inserted and for a tube carrying the coronary flow. Ventricular or aortic pressure curves were integrated by cutting the area under the pressure curves out of the paper and weighing them on an analytical balance. Lengths of paper representing 0.5 set at several known pressures were used for reference.
Calculations. The rate of external work was calculated by the following formulae : Other indices of mechanical function were calculated as follows: pressure-time integral of working hearts (mm Hg l sec. min-l) = average aortic systolic pressure (mm Hg) X ejection time (set) X heart rate (beats/min).
In nonworking hearts, pressure-time integral was calculated by substituting average ventricular systolic pressure for aortic pressure and total duration of systole for ejection time. Ex,t)ression of results. All heart weights are in terms of grams of dry tissue. Dry heart weight was determined as described earlier (26).
RESULTS E"ect of kerf usion $v-essure on the mechamcal function and oxygen consumption of the Langendorff prefiaration. Hearts were perfused by the Langendorff technique at varying perfusion pressures as measured by a mercury manometer attached to the top of the bubble trap. When perfusion pressure was increased from 40 to I 20 mm Hg, coronary flow increased linearly from 35 to 144 ml/min per g (Table I ). Heart rate also increased as perfusion pressure was raised. The explanation of this change in heart rate is unknown but may be due in part to an increase in the temperatur:
of the perfusate entering the aortic cannula at higher flow rates. Although all tubes leading to the aortic cannula were water jacketed, temperature of the perfusate rose from 34.0 to 34.8 C when coronarv flow , was increased from 50 to 125 ml/min per g. Although no provision was made for flow of fluid into the left ventricle, both ventricular and aortic pressures of the Langendorff preparation increased with each systole (Fig. 2) . Aortic diastolic pressure was found to equal the perfusion pressure whereas peak systolic aortic pressure was from 8 to 16 mm Hg greater (Table   I ).
Peak ventricular pressure was from 4 to IO mm Hg greater than peak aortic pressure (Table I) cardiac output rose progressively regardless of the substrate present in the buffer (Table 2) . At o cm, nearly all the cardiac output passed through the coronary circulation; at 20 cm, 30 % of cardiac output was accounted for by coronary flow. As the quantity of fluid that was pumped increased, peak systolic aortic pressure rose, and diastolic aortic pressure fell from an average of 48 mm Hg at o cm to 36 mm Hg at 20 cm Hz0 atria1 pressure. The conformations of the aortic and ventricular pressure curves were similar to those observed in vivo (Fig. 3) These observations indicated that the perfused rat heart could be induced to do controlled quantities of external work when perfused in vitro. The quantity of work performed at 20 cm Hz0 atria1 pressure was approximately equal to that reported for the rat heart in vivo by Beznak (4).
Stability of performance of heart preparations. Hearts were perfused for 3 hr at IO cm HP0 left atrial filling pressure (Table 3) . Heart rate varied about IO % during the experiment.
Cardiac output was I 58 ml. g-l initially and 147 ml after 3 hr. Aortic pressure development was well maintained.
Total heart work decreased from . I 8 to .16 kg-m l g-l l min-l and oxygen consumption fell from 2.2 2 to I. 73 mmoles l g-l l hr-1 after 3 hr. Efficiency of heart work increased from I I to I 2 %. These observations indicated that performance of hearts working at IO cln Hz0 left atria1 pressure was stable for 3 hr. Progressive deterioration of mechanical function was observed during the 4th and 5th hr of perfusion. When left atria1 pressure was increased to 20 cm HzO, performance was stable for I -I .5 hr. The Langendorff preparation perfused at a pressure of 60 mm Hg maintained a constant heart rate and coronary flow for periods in excess of 4 hr. cfect of heart size on mechanical performance and oxygen consumption of the working heart. Since ventricular volume is not a linear function of heart weight, stroke volume did not change in proportion to weight. As seen in Table 4 , an increase in dry heart weight from o. 13 to .24 g resulted in a 60 % increment in stroke volume. Since the perfusion apparatus had a constant outflow resistance, peak systolic aortic pressure increased as stroke volume rose. Heart rate was slower, however, in the larger hearts. The combination of these changes resulted in a 23 % increase in cardiac output and work as heart weight increased from . I 3 to .24 g when expressed per heart. When expressed per gram of dry tissue, both cardiac output and work fell about 40 % over this weight range. The pressure-time integral decreased as size increased because the decrease in heart rate was proportionately n~ore than the increase in peak systolic pressure. No relationship between pressure-time integral and oxygen consumption was observed when the results were expressed per heart. When expressed per gram of dry tissue, oxygen consumption correlated well with the pressure-time integral. These observations demonstrate the importance of using hearts of comparable size for studying the metabolic effects of heart work. This conclusion also applied to the Langendorff preparation. When ventricular pressure was measured in hearts of this range of size, peak systolic pressure rose to a value slightly above aortic pressure regardless of size. Since small hearts beat at a faster rate, the pressure-time integral of these hearts was greater than that of larger hearts. The oxygen consumption of the small heart was less when expressed per heart. Correlation of mechanical function and oxygen consumjtion. Attempts to correlate mechanical activity and oxygen consumption of the heart have resulted in several empirical relationships.
Inability to measure, in physical terms, the energy consumed in development of tension accounts for the use of other parameters of mechanical function.
External work, calculated from pressure development and cardiac output, correlated poorly with oxygen consumption in dog hearts (I I, 29). As seen in Table 5 , a similar lack of correlation could be demonstrated in the rat heart. In experiment A, heart work was increased by simultaneously raising left atria1 pressure from o to 20 cm Hz0 and compressing the tube leading to the aortic bubble trap. As a result of these manipulations, the hearts were not allowed to eject a greater volume of fluid, but did generate greater aortic pressure. A doubling of external work, under these conditions, increased oxygen consumption 65 %. When the pressure-time integral was related to oxygen consumption, a correlation co-OXYGEN CONSUMPTION OF ISOLATED RAT HEART of .70 was found. In exfleriment B, heart work was increased by simultaneously raising left atria1 pressure from I o to 20 cm Hz0 and relieving a constriction on the tube leading to the aortic bubble trap. For these experiments, the internal diameter of the tubing leading from the pressure chamber to the aortic bubble trap was increased from .og3 to .156 inch. As a result of these manipulations, cardiac output increased about threefold without a significant change in systolic aortic pressure. Under these conditions, heart work increased 2.5-fold without an increase in oxygen consumption. When left atria1 pressure was 20 cm HZO, the external efficiency was 26 %, the highest value observed in this study. Heart rate varied by no more than I 7 7% during the manipulations involved in experiments A and B. These observations together with the observation that oxygen consumption of the Langendorff preparation increased as perfusion pressure was raised, although no external work was done, confirm the observation that external work does not correlate with oxygen consumption.
When hearts were perfused either as working or Langend .orff pre parations, oxyge n consumption rose as peak systolic pressure and pressure-time integral increased (Tables I and 2) . A direct comparison of these relationships in working and Langendorff preparations was made by perfusing a single heart under both conditions in the-working heart apparatus (Table  6 ). Peru formance of working and Langendorff preparations was in general agreement with data reported in Tables I and  2 . In the present case, heart rate of the Langendorff 811 preparation did not change as perfusion pressure was varied.
As seen in Fig. 4 Significant improvements in the stability of the preparation were also achieved. Lorber (25) described a characteristic fall in efficiency of isolated cat hearts as failure developed. By this criterion, rat hearts perfused by the present method were not in cardiac failure after 3 hr. In fact, efficiency had increased slightly at the termination of perfusion.
Several changes in perfusion technique appear to have been responsible for the improved stability. I) Ca EDTA was included in all buffers to chelate trace quantities of heavy metals in reagents and water. 2) Heparin was added to the buffer used for the initial perfusion of the heart to prekent the formation of thrombi within the vascular bed. 3) Perfusion pressure was increased to 60 mm Hg to improve coronary flow. 4) Preliminary perfusion of the heart was lengthened to I o min and a larger volume of buffer was recirculated.
These procedures reduced the quantity and final concentration of protein in the perfusate arising from the extracellular fluid of the heart. Oxygenation of the buffer by bubbling gas through it denatures protein and leads to formation of emboli. When bubbling was omitted, oxygen tensions above 500 mm Hg were found in arterial perfusates of the Langendorff preparation at all perfusion pressures and in arterial perfusates of the working heart at o and 5 cm Hz0 atria1 pressure. Bubblin g was especially deleterious when hormones or other proteins were added to the buffer. Relative importance of these changes or other subtle improvements in technique cannot be evaluated, but the over-all improvement in the preparation has been dramatic. Energy requirements of the heart can be considered to consist of r) that portion of chemical energy utilized in maintanance of the completely quiescent tissue and 2) that portion of chemical energy converted to mechanical energy. Extrapolation of the relationships between oxygen consumption and pressure development to zero pressure development indicated that the quiescent heart consumed about 0.70 mmoles 02/g per hr (Fig. 4) ships between mechanical function and oxygen consumption that have been described for hearts of other species apply to the completely isolated working rat heart. It has long been recognized that the heart is more efficient if pumping fluid against a low resistance than if pumping against a high resistance (12). An example of this was described in the present study by showing that a twofold increase in cardiac output and external work, associated with a decrease in mean aortic pressure, was performed with little or no increase in oxygen utilization. On the other hand, elevated aortic pressure in association with a constant cardiac output resulted in a doubling of oxygen consumption. Also, results summarized in Fig. 4 show that for a given developed pressure a working heart consumed the same amount of oxygen as the Langendorff preparation, even though the working heart pumped more fluid and did external work. These findings confirm that cardiac output and work are poor indicators of the rate of energy consumption.
Parameters related to pressure development by the heart correlated well with oxygen consumption. Correlation coefficients relating oxygen utilization to peak systolic pressure and pressure time integral of working and Langendorff preparations varied from 0.76 to 0.86. Since these parameters arc easily measured, they appear to be convenient indicators of the energy utilized for contraction.
If end-diastolic ventricular pressure is used as an index of end-diastolic volume, increased development of pressure in hearts perfused with either increasing perfusion pressure or left atria1 pressure appeared to be explained by increased fiber length. Diastolic ventricular pressure increased from 2 to 12 mm Hg in the Langendorff preparation as perfusion pressure was raised from 40 to I 20 mm Hg (Table  6) 
